In manufacturing process of semiconductor, blue light emitting diode (LED), and lithium ion battery, detection and monitoring of trace water vapor (<1 µmol/mol) are significantly important techniques. We have been researching about detection of trace water vapor with high speed and sensitivity by using ball surface acoustic wave (SAW) sensor.
Introduction
In manufacturing process of semiconductor, blue light emitting diode, and lithium ion battery, the presence of trace water vapor in material gases may cause a degradation of lifetime and yield of products. So detection and monitoring of trace water vapor (<1 µmol/mol) are significantly important techniques. Chilled-mirror hygrometers and cavity ring-down spectroscopy (CRDS) have been conventionally used to detect trace water vapor. 1) However, there are some problems. Chilled-mirror hygrometers are not fast nor sensitive enough in low frost point range. CRDS is faster and more sensitive than chilled-mirror hygrometers, but they are large and expensive due to the need for a long optical cavity, so it is difficult to mount them into gas piping.
To solve these problems, we have studied detection of trace water vapor using ball the surface acoustic wave (SAW) sensor with propagating SAW on the surface of piezoelectric sphere. A unique propagation phenomenon of a SAW on a spherical substrate was discovered by Yamanaka et al.
2) in 2000. When a SAW is excited on spherical surface by a properly designed interdigital transducer (IDT), a collimated SAW propagates around the equator hundred of times with neither diffraction nor convergence. The condition of naturally collimated SAW is shown as eq. (1).
Where w is width of IDT, is wavelength of SAW, and D is diameter of sphere. The collimated SAW can be detected after propagating multiple turns along the equator by the same IDT for excitation. The propagation characteristics of the SAW such as velocity and amplitude are affected by absorbed and/or reacted molecules on the surface, and then changes of such characteristics are accumulated by repeated interactions with the round propagation of the collimated SAW. Hence, the ball SAW sensor has higher sensitivity than conventional SAW sensors (Fig. 1) .
In our previous study, some quartz ball SAW sensor without sensitive film could detect 1 µmol/mol water vapor. 4) It was assumed that a damaged layer of amorphous silicon oxide formed during lapping the surface of quartz ball absorbed water vapor. However, its mechanism is not clear 5) and it is difficult to reproduce the sensitive silicon oxide layer.
Thus, we supposed that a sensitive film of amorphous silicon oxide could replace the damaged layer, and it could detect trace water vapor. As a method of coating an amorphous silicon oxide film, there are solgel method 6) or ion beam deposition. 7) Pfeifer reported detection of water vapor using flat SAW sensor with amorphous silicon oxide (SiO x ) film, 6) but detection of below 100 µmol/mol was not achieved. In this paper, to improve detection performance, ball SAW sensor was coated with SiO x film and its performance was compared with that of a chilled-mirror hygrometer.
Experimental Procedure

Fabrication of ball SAW sensor
An IDT (Cr, 150 nm) was formed on the surface of º3.3 mm quartz sphere by using subtractive method. Based on eq. (1), the width of IDT was designed for the natural collimation of 80 MHz SAW. Furthermore, this IDT can generate fundamental wave (80 MHz SAW) and third harmonic wave (240 MHz SAW) (Fig. 2) . By using two frequencies SAW we achieved the temperature compensation to remove the delay time change due to temperature effect. In this case, the 80 and 240 MHz SAW were not wider than the IDT realizing a narrow beam favorable for undisturbed propagation, though the 240 Mz SAW was focused after approximately 90 and 270°propagation. In this condition, SAW can propagate on the surface of quartz sphere without diffusion due to diffraction. 8) 2.2 SiO x coating on the surface of ball SAW sensor SiO x was synthesized by using solgel method and coated on the surface of ball SAW sensor. 3.47 g tetraethoxysilane (TEOS), 0.75 g isopropanol (IPA), and 1.50 g 0.1 N hydrochloric acid were mixed and stirred by sonication (27, 45, 100 kHz, 60 min). TEOS was polymerized by hydrolysis and resulted in SiO x . After sonication, the mixture was diluted with IPA and 0.5 mass% SiO x solution was obtained.
The surface of propagation route of ball SAW sensor was coated with SiO x solution using off-axis spin coating. 9) Condition of off-axis spin coating was 3000 rpm, 20 s. The thickness of SiO x was revealed as 1029 nm from measurement using interference microscope.
Generation of trace water vapor and supply onto
ball SAW sensor N 2 gas was flowed into bubbler to humidify with ¹95, ¹70, ¹60, ¹50, ¹40, ¹30, ¹20, ¹10, 0°C in frost point. (0.0356.1 © 10 3 µmol/mol when it was converted to the concentration, see Table 1 .) Humidified N 2 gas was supplied to ball SAW sensor and chilled-mirror hygrometer in parallel as shown in Fig. 3 .
Pulse wave generation to ball SAW sensor and
wavelet transform A voltage pulse was generated by an ultrasonic pulse generator and supplied to a double electrode IDT on the surface of ball SAW sensor. The output signal of the SAW was recorded with a digitizer.
Wavelet transform was carried out as,
where,
is Gabor function used as the mother wavelet with parameters Figure 4 (a) shows a RF waveform g(t) of SAW at 5th turn. Also the intensity of wavelet transform at the fundamental (80 MHz) and the third harmonic (240 MHz) frequencies are shown. In Figs. 4(b) and 4(c), the RF waveform (dotted curves) and real part of the wavelet transform (chained curves) are shown around the peaks of the wavelet intensity (solid curves). And then, the search ranges of the zero cross point were determined as the thick vertical lines.
Based on the zero cross point thus obtained, the delay time of 80 and 240 MHz SAW was calculated. The amplitude was calculated from the peak of wavelet which is 90°away from the zero cross point. While changing the frost point of the N 2 gas, delay time change and amplitude were measured.
Results
The dry N 2 gas of ¹95°C frost point was humidified to ¹70, ¹60, ¹50, ¹40, ¹30, ¹20°C frost point and supplied to the ball SAW sensor cell and the chilled-mirror hygrometer. Figure 5 shows delay time of SAW while the frost point was changed in the 6 steps. Change of the frost point was carried out after the measurement cycle of chilledmirror hygrometer was completed turning on the "controlled" identifier. Thus, the measurement time in each frost point is not constant.
The delay time of both 80 and 240 MHz SAW was shifted to the negative direction in 12 h from the start of measurement (Figs. 5(a), 5(b) ). After that, it was shifted to the positive direction. Furthermore, periodic variation of about 20 min was observed in both frequencies. This periodic variation is the effect of temperature fluctuation due to air conditioning of the lab. To compensate the temperature fluctuation, the delay time of 80 MHz SAW was subtracted from that of 240 MHz SAW. Then, the periodic variation was removed and response of delay time due to frost point change was obtained (Fig. 5(c) ). In the subtraction, the coefficient was set to 0.95, so that it can remove periodic variation most successfully. Figures 6(a) , 6(b) are enlarged view when frost point was changed from ¹95 to ¹70°C and from ¹70 to ¹60°C in Fig. 5(c) , respectively. In these cases, response times (defined as the time until the value changed up to 90%) were 22 and 8 min, respectively. Figure 7 shows a result of measurement by using chilledmirror hygrometer. Chilled-mirror hygrometer also could detect frost point change, however in this case, response times when frost point was changed from ¹95 to ¹70°C and from ¹70 to ¹60°C were 185 and 16 min, respectively (Figs. 7(b), 7(c) ). From these results, it was shown that ball SAW sensor could detect frost point change faster than conventional chilled-mirror hygrometer. Figure 8 shows amplitude change of SAW in 5th turn. While frost point was changed from ¹95 to 0°C, amplitude change of 80 MHz SAW and 240 MHz SAW were shifted about 0.4 and 6 dB to negative direction, respectively (Figs. 8(a), 8(b) ). In the case of 240 MHz SAW, response of amplitude change due to frost point change was clear, but in 80 MHz SAW, response due to frost point change was not clear. When amplitude change of 80 MHz wave was subtracted from that of 240 MHz wave, response of amplitude change due to frost point change was also confirmed (Fig. 8(c) ). While frost point was changed from ¹95 to 0°C, amplitude was shifted to negative direction monotonically. From these results, it was confirmed that SiO x -coated ball SAW sensor could detect change of frost point from ¹95 to 0°C from both delay time change and amplitude change.
Discussions
In the range of the low frost point (from ¹95 to ¹40°C), the SAW velocity became faster as the water vapor was absorbed on SiO x film on the surface of ball SAW sensor, suggesting the increase of elasticity of SiO x film. On the other hand, in the case of high frost point (from ¹40 to 0°C), the SAW velocity became slower suggesting that the mass loading effect due to adsorption of water vapor to SiO x became dominant. Figure 9 shows the frost point (horizontal axis) dependence of the delay time and the amplitude (vertical axis) evaluated from the equilibrium value of delay time (Fig. 5) and amplitude (Fig. 8) . It is shown that the delay time showed peak value at around ¹40°C, and its slope showed maximum value at around ¹70°C. On the contrary, the amplitude increased monotonically, and its slope showed maximum value at around ¹40°C.
Therefore, by using the amplitude we can measure the frost point from 0 to ¹50°C, and using the delay time we can measure the frost point from ¹50 to ¹90°C. Thus, it was found that we can measure the frost point in a wide range from ¹95 to 0°C. Measurement error were 0.45°C at ¹70°C in frost point calculated from delay time change, and 0.55°C at ¹40°C in frost point calculated from amplitude change. In this time, the value of delay time and amplitude change were determined by average of 50 data points (N = 50) and the error was evaluated at ® « 3· (® and · were average value and standard deviation, respectively).
From these results, it was confirmed that SiO x -coated ball SAW sensor could detect water vapor in a wide range from ¹95 to 0°C in frost point. Especially, when frost point was from ¹95 to ¹60°C, it was confirmed that response time to frost point change of ball SAW sensor was one half of that of a chilled-mirror hydrometer.
Finally it is noted that, in Figs. 5(b), 5(c), spikes are observed when the frost point was ¹60°C. It can be supposed that they are due to real humidity change caused by the pressure fluctuation when switching the flow path of N 2 gas to change the frost point, though it is too fast to be measured by the chilled mirror hygrometer.
Conclusions
When detection of trace water vapor by using ball SAW sensor, it was assumed that a damaged layer of amorphous silicon oxide formed during lapping the surface of quartz ball SAW sensor absorbed water vapor. However, its mechanism is not clear and it is difficult to reproduce the sensitive silicon oxide layer. So we supposed that a sensitive film of amorphous silicon oxide could replace the damaged layer, and it could detect trace water vapor. We synthesized SiO x film by using solgel method and tried to detect trace water vapor by using SiO x -coated ball SAW sensor. It was confirmed that SiO x -coated ball SAW sensor could detect water vapor in a wide range from ¹95 to 0°C in frost point (0.0356.0 © 10 3 µmol/mol in concentration) by using the responses both delay time change and amplitude change.
SiO x -coated ball SAW sensor has characteristics that its response time to frost point change from ¹70 to ¹60°C was one half of that of a chilled-mirror hydrometer and it is much more compact. So it is promising to apply the SiO x -coated ball SAW sensor to monitoring gases in manufacturing process of semiconductor, LED, and lithium ion battery.
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